However, this area is well-known compared to other seas and the proportion of yet to be 66 discovered species will be higher elsewhere. invertebrates, have never been described. Thus species are going extinct before they have been 80 recognised or known. Some, if not many, of these species will be important to the functioning of 81 ecosystems that provide services for society, and/or may become important as natural resources 82 (e.g. food, biotechnology). The increased rate of extinction of species is occurring on land and in 83 the oceans (Carlton et al. 1999 , Dulvy et al. 2003 . These extinctions are not only a permanently 84 lost opportunity, but may have serious social and economic consequences. Considering these 85 issues, it is not surprising that one of the most frequently asked questions about biodiversity is 86 how many species are there. The number of species also provides the most practical measure of 87 how much we know and do not know about biodiversity. 88 89 Curiously, most estimates of the number of undescribed species were based on informal expert 90 opinions, rather than counts, of how many species have been described. It must seem astonishing 91 to the public that after more than 250 years of using a standard approach to naming species, that 92 biologists have not kept an inventory of what species have been described. This results in 93 multiple descriptions of the same species, and continuous effort to unravel confusion regarding 94 species names. Perhaps one fifth of all recently described species names are synonyms (Bouchet 95 2006) . Thus analyses of species inventories, including those of importance for conservation, food 96 and pests, must include quality control of names. A taxonomically authoritative inventory of 97 species is not only important for quality control in science and resource management, but is of 98 popular interest. For example, during the launch of the Census of Marine Life, public interest 99 was captured by the phrase "how many fish are there in the sea"; and the popular media were still 100 surprised at the discovery of new species (Bouchet 2006) . A media release on the initiative to 101 inventory all marine species was picked up by over 271 media outlets around the world 102 (www.marinespecies.org). Even the wider scientific community needs to be reminded that new 103 species are being described even in large animals; e.g. Guan (2007) The variety of approaches that have been taken to predict the number of species that may exist on 114 earth have been reviewed by May (1992) and Hammond (1994) , including: projecting from past 115 trends in rates of discovery of species; educated guesses; polls of experts' opinions; extrapolation 116 from the proportions of species in an intensively studied habitat that had not previously been 117 described, to the total area of that habitat; multiplication of the proportions of species known to 118 occur in certain habitats to estimate the likely numbers in other habitats (e.g. insects on other 119 species of tree in the tropics, or ratios of plants to insects); using the ratios of numbers of species 120 in different taxa in well-studied areas (e.g. Europe) to predict the total numbers in other parts of 121 the world where only a limited proportion of the organisms have been well-described (typically 122 birds and mammals); and relationships of body-sizes to species numbers. To these, Reaka-Kudla 123 (1996) added extrapolation from species -area relationships using Island Biogeographic Theory. 124
We classify these into those based on (1) expert estimates, (2) biogeographic theory and 125
proportions of species by habitat or area, (3) body-size to richness relationships, and (4) past 126 species description rates. 127
128
(1) Even experts may not have a sufficiently complete perspective of all organisms, parasitic and 129 free-living, large and small, to provide reasonable estimates by opinion alone. Scientists initially 130 estimated there were 20,000 to 25,000 marine species in Europe but later the same people 131 produced an incomplete list of 15-33% more than this (Costello 2000) . Similarly low estimates 132 of known species numbers by experts have been found for terrestrial taxa (Hammond 1992) and 133 fishes (Cohen 1970). In contrast, 25 scientists in the Fauna Europaea project estimated there 134 would be 89,000 to 300,000 land and freshwater animals in Europe, but they inventoried 130,000, 135 16% less than the mean estimate (de Jong, pers. comm.). Thus expert estimates of known species 136 richness can range from underestimates of 33% to overestimates of 16%, a range of nearly 50%. 137
138
(2) Most of the methods for estimating species richness by extrapolation suffer from weak or 139 unsubstantiated relationships between the relative proportions of species in different habitats and 140 geographic areas (Hammond 1992 ). May (1988) suggested that the factors influencing species 141 richness might operate differently in different environments. Indeed, it is evident that the 142 proportions of taxa vary significantly between habitats; take the marine, estuarine, freshwater and 143 land environments as extreme cases. Species vary greatly in their endemicity to a particular 144 habitat, with some being obligate parasites or symbionts of particular host habitats. The well-145 established pattern where few species are abundant and most are rare needs to be accounted for in 146 estimating how many species exist in any geographic area or habitat. Predictions of species 147 richness using standardised 'sampling effort' methods do account for abundance in this way 148 (Colwell and Coddington 1994) . 149
150
The tropics and Indo-West Pacific are centres of high species richness, and may be centres of 151 origin and/or speciation for marine species (Marshall 2006) . If the latter is true then there would 152
have to be equal rates of dispersal, speciation and extinction across taxa for the relative richness . However, as it is not possible to record a species spatial 183 distribution until it is described, the apparently narrower geographic and depth ranges for recently 184 described species may be a consequence of when they were described rather than the reason for 185 their later discovery. Orme et al. (2002) found no relationship between body size and the richness 186 of marine metazoan species, and recognised that finding such patterns would require the 187 proportion of described and undescribed species to be similar, which does not seem to be the 188 In a problem that is subject to so much uncertainty, it is not surprising that statistical methods 210 have been used, which produce both a prediction for the number remaining and an estimate of the 211 error in that prediction. It is important to distinguish between what we call 'sampling effort' and 212 'species description rate' curves. The former 'discovers' species recorded by a standard method 213 in the same habitat and geographic location but most of which will have been previously recorded 214
elsewhere. The later records species 'discovered' new to science, often by using different 215 sampling methods in less explored locations and habitats. When the number of individuals 216 sampled (per species) in the discovery process is known then there is a large statistics literature 217 on how to compute estimates of the number remaining (reviewed by Bunge and Fitzpatrick 1993 218 and Colwell and Coddington 1994). Unfortunately, these data are usually not available and all 219 that is known is the species description rate, which can be extrapolated and a statistical model 220 used to estimate the error in the prediction. Solow species may yet be discovered from the year their description was published. We posit that this is 227 the most statistically rigorous approach yet applied to predicting the numbers of species because 228 it is based on verifiable data, and accounts for variation in description rates. The Wilson and 229
Costello model is a generalization of the Poisson process that allows processes that have either 230 more or less variability than it. This addresses one of the main disadvantages of the Poisson 231 process, namely that the variance of the process is equal to its mean, hence differing amounts of 232 variability from the mean are not permitted. For comparison, we computed the prediction from 233 the special case of the Poisson process with the logistic function as the mean trend and it was 234
shown that in general species discovery is more variable than the Poisson process, so that Poisson 235 process models would tend to underestimate the amount of error in any prediction of numbers of 236 remaining species. With the availability of additional species lists, such as for other oceans and 237 terrestrial areas, the Wilson and Costello model can be rapidly applied to provide more realistic 238 estimates of total species number than presently exist. 239
240
The rates of species description within smaller areas can be affected by sampling effort, and thus 241 may not reflect the rate of description of species new to science. We consider the description 242 rates of species in Europe to represent general species discovery rates because it is where 243 taxonomy originated and developed. However, the use of description rates in smaller and 244 adjacent geographic areas would include many species described elsewhere and so not represent 245 real discoveries of new species. Because we use marine species, we covered almost all phyla and 246 classes excluding bacteria and viruses, and thus a wide range of taxonomic specializations which 247 should minimise any effects of sampling and description practices that may have arisen within 248 specialisations. The non-homogeneous renewal process model of Wilson and Costello (2005) was fitted to the 264 data via a Bayesian inference method and a probability distribution of the total number of species 265 remaining was then derived. The model assumes that the trend of the description curve follows a 266 logistic type shape, so at t years after 1749 the number of species discovered follows a trend 267 curve with form: 268
where N is the expected total number to be discovered, y 2 is the year of greatest rate of 272 description and v 1 is a scale parameter. Species description years were sampled as a random 273 process that follows this trend but with random variation about it. The data were used to fit the 274 logistic parameters and learn about the amount of random variability about the trend. These fitted 275 values determined the prediction for the number of remaining species and the uncertainty in that 276 prediction. 277
RESULTS 279 280

Rates of description 281
Description rates showed an initial 'exploratory' period of taxonomic expertise and knowledge 282 development with few species described, followed by a period of publication of many species 283 descriptions. In well-known taxa, this rate decreased as fewer species remained to be described, 284
and the curve took a sigmoid shape. This complete pattern was evident in the better-known taxa, 285 such as birds (Aves), mammals, and krill (Euphausacea, Crustacea) (Figure 1a) . However, most 286 taxa appeared to be increasing linearly (Figure 1 , see Appendix for entire dataset). 287
288
The years that description curves began to increase, often linearly, were related to how well 289 groups were known. There was a strong positive correlation between the numbers of species described since 1900 317 with the number of species known per taxon (r 2 = 0.878). If the most species rich taxon 318 (Mollusca) was omitted the correlation was still high (r 2 = 0.6292). Thus the more species in a 319 taxon the more likely it was that that more new species would be described in that taxon. 320
However, there was no significant relationship between the rate of description of new species and 321 the number of species in a taxon (r 2 = 0.0236), nor between the number of species described 322 before 1900 and the number known today (r 2 = 0.1231). Thus, while more species would be 323 discovered in species rich taxa, richness did not necessarily indicate how well a taxon was 324 known. 325 326
Estimating the unknown 327
To estimate the total number of marine species in Europe, described and undescribed, we first 328 (Table 1) . This was 33% of the 337 total number of species for those taxa. However, Isopoda contributed disproportionally to this 338 figure; for 656 isopod species the predicted number to be discovered had a median of 2,916, 339 mean 4,353, and 95% confidence limits from 594 to 16,237. If the Isopoda were excluded the 340 proportion remaining to be discovered was 11%. If this proportion was applied to the entire 341 known list, it predicted an additional 3,930 species remained to be described, and that there could 342 be about 40,000 marine species in Europe. 343
344
Because the standard deviation (SD) in the predicted number of species was dependent on the 345 mean (r 2 =0.6881), the coefficient of variation (CV = (mean/SD)) was used as an index of 346 variation in the rate of description. The CV ranged from 1.15 to 2.04, and all but two of the 32 347 taxa for which the CV was computed had a value that was significantly more than 100% (CV = 348 1.0) ( Table 1 ). This indicates that the rate of description is highly variable for most taxa, and 349 more than would be accurately modelled by a Poisson process model. 350 351 When our model was applied to all of the 26,529 species (with year of description in ERMS) it 352 predicted between 7,000 and 11,000 species remained to be discovered in European seas, with a 353 median at around 8,500 (Table 2) African species were described (Griffiths 2005) . A survey of taxonomists opinions for 12 taxa in 427 eight marine areas indicated that about 80% of species on the USA coast were described but only 428 half of the species in the Eastern Pacific and Great Barrier Reef (Winston 1988 ). The deep-sea 429 also contains many undescribed species. For example, Bouchet (1997) found that 20% of the NE 430
Atlantic deep-water molluscs had been described only in the previous 20 years. A review of 431 global mysid crustacean biodiversity found more species per unit area at lower than higher 432 latitudes, and suggested the greater number described in the northern than southern hemispheres 433 reflected sampling effort rather than reality (Wittman 1999) . It has been estimated that there are 434 230,000 described marine species (Bouchet 2006) . Thus the relatively well-studied European seas 435 contained only about 15% of the world's described marine fauna, and future discoveries in other 436 oceans will reduce this proportion further. A recent analysis found similar numbers of species per 437 unit seabed area and volume for the Mediterranean, Caribbean and Gulf of Mexico; but about 438 half that number for Atlantic Europe (Costello et al. submitted) . However, the same study found 439 no significant relationship between marine species richness and area or volume across 24 regions 440 of the world but noted that this may also reflect inadequate sampling and taxonomic effort, as 441 well as possible biodiversity -area relationships in the oceans. 442
443
Considering the small contribution of the European marine species to the world total, and that the 444 relative proportions of taxa appear to vary between regions and habitats, we do not attempt to 445
extrapolate from the present findings to other oceans. A better approach would be to collate 446 species checklists from other areas and conduct the same predictive analyses on them, and new 447 online databases of species distribution data should enable this (Costello and Vanden Berghe 448
2006). These inventories should be stratified by sampling method (and thus habitat, life-style, 449
and body size) and include species abundance, so as to use 'sampling effort curves' (Hammond 450 1994, Colwell and Coddington 1994). The availability of distribution data for more marine 451 species may aid prediction of global richness by identifying patterns in turnover and richness 452 ratios between taxa (e.g. parasites per host, copepods per fish species) (Hammond 1992) . 453
However, if the rates of description of taxa in southern hemisphere oceans are still in the 454 exploratory phase, as the high proportion of undescribed species suggests, then description rate 455 curves will have large confidence limits. 456
457
What this study has illustrated is that even in the best studied, and one of the more species poor 458 oceans in the world (Poore and Wilson 1993) , that significant numbers of species remain to be 459 described in certain groups. Indeed, more species remain to be described in the most species rich 460 taxa, indicating that we know least about the most diverse taxa. This has clear implications for 461 marine research funding, in that priority should be given to taxonomic research on these groups. 462
A review of about 150 years of research publications in Ireland found that the geographic areas 463 and species studied most, continue to be studied most Costello 1995, 1996) . A 464 proactive approach to fill taxonomic gaps is thus necessary. Taxonomic effort needs to be 465 directed to the most species rich invertebrate taxa in the less well-studied areas (Costello et al. 
